Introduction
The highly pathogenic avian influenza A virus (IAV) H5N1, particularly the currently identified IAV/H7N9 in humans in China (1) , illustrates that influenza is still a significant public health problem. According to the WHO report, H7N9 maintains about 25% of death rate as of May 08, 2013 (http://www.who.int/csr/don/2013_05_08/ en/), while H5N1 is more pathogenic, with the cumulative fatality rate approaching 60% (http://www. who.int/influenza/human_animal_interface/EN_ GIP_20 130426CumulativeNumberH5N1cases.pdf). Accordingly, the H5N1 virus remains a greater concern of influenza pandemic, although the possibility of efficient humanto-human transmission of the virus has been rare (2) (3) (4) . Therefore, development of antiviral agents and efficient vaccines against highly pathogenic avian influenza Original Article (HPAI) H5N1 virus is an urgent task. Recombinant subunit vaccines incorporating antigenic viral membrane glycoproteins, especially hemagglutinin (HA), are attractive vaccine candidates since they are able to induce virus-neutralizing antibodies (5-7). The HA subunit 1 (HA1) has been previously shown as an important antigen to induce neutralizing antibodies and protect against IAV challenge (5, 8) . The amino acids of HA1 tend to develop continuous mutation, but some conserved regions with limited changes are still found throughout the passage. Thus, development of novel vaccines based on these conserved sequences would be practicable against divergent virus strains. Using a broadly neutralizing antibody, we have identified a novel and highly conserved conformational epitope centered on residues 81-122 of HA1 of H5N1 virus (9) , further providing important information to develop a universal vaccine based on the identified sequence. In this study, we fused the conserved HA sequences covering residues 81-122 of influenza H5N1 with Fc of human IgG and/or foldon (Fd) to express recombinant proteins, and detected their ability to induce systemic and local immune responses in vaccinated mice in order to develop an Fc-mediated, HA1 conserved sequence-based vaccine to prevent H5N1 influenza virus infection.
Materials and Methods

Ethics statement
The study of animals was approved by the Institutional Animal Care and Use Committee at the New York Blood Center (Approval #322.02). All animal studies were carried out in strict accordance with the recommendations of the American Veterinary Medical Association (AVMA) Guidelines and the approved protocols.
Construction, expression and purification of recombinant proteins
The construction, expression and purification of recombinant HA-81-122 proteins fused with Fc plus Fd (HA-81-122-Fdc) or without Fd (HA-81-122-Fc), were performed following our previously described protocols with some modifications (5, 10) . Briefly, the genes encoding HA1 residues 81-122 of A/ Anhui/1/2005(H5N1) (AH/1) (GenBank:ABD28180) fused with Fd were amplified by polymerase chain reaction (PCR) using our previously constructed HA1-Fdc plasmid (5) Figure 1A .
SDS-PAGE, N-PAGE, Cross-linker and Western blot
Purified HA-81-122 proteins were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot, as previously described (5) using our developed anti-HA HA-7 monoclonal antibody (mAb). Briefly, purified proteins were either non-boiled or boiled at 95ºC for 5 min and separated by 10% Tris-Glycine SDS-PAGE gels, which were then stained with Coomassie Blue or transferred to nitrocellulose membranes. After blocking overnight at 4ºC, the blots were incubated with HA-7 mAb (1:3,000) for 1 h at room temperature. After three washes, the blots were then incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:5,000, Invitrogen) for 1 h at room temperature. Signals were visualized with ECL Western blot substrate reagents and Amersham Hyperfilm (GE Healthcare).
Native PAGE (N-PAGE) and cross-linker analyses were done as before (10) . For N-PAGE, the proteins were first separated by 6% N-PAGE gels using N-PAGE sample buffer and running buffer (Invitrogen), followed by the same protocols as above. For protein cross-linker detection, 4.5 µg of purified proteins were respectively mixed with 20 µl of 0.1% glutaraldehyde (final concentration 4 mM) and left at room temperature in the dark for 2 h before SDS-PAGE and Coomassie Blue staining as described above.
Vaccination protocol
Groups of five female BALB/c mice at 6-8 weeks were respectively subcutaneously (s. 
Sample collection
Sera were collected before immunization and 10 days
Results
Recombinant HA-81-122-Fc and HA-81-122-Fdc proteins formed high molecular weight dimeric and oligomeric structures
The highly conserved sequences of HA-81-122 of A/ Anhui/1/2005 (H5N1-HA) containing 44 amino acid residues were fused with or without Fd, followed by insertion in-frame to the Fc vector, generating recombinant HA-81-122-Fdc and HA-81-122-Fc, respectively, with IL2ss signal sequence of the Fc vector as the signal sequence ( Figure 1B ). The recombinant proteins were expressed in the culture supernatant of transfected 293T cells, followed by purification of the protein using protein A columns. The purified proteins were analyzed by SDS-PAGE, N-PAGE and Cross-linker, followed by Coomassie Blue staining, and the reactivity was determined by using an HA1-specific monoclonal antibody (HA-7 mAb) developed in our laboratory (9) . As shown in Figure 1C , one clear band was observed in the corresponding samples of both non-boiled and boiled HA-81-122-Fc and HA-81-122-Fdc proteins analyzed by reducing SDS-PAGE, with the molecular weight of the non-boiled proteins (dimers) equaling almost 2-fold that of the boiled proteins (monomers), which contain influenza HA-81-122 with the Fc region (CH2 and CH3 domains) of the human IgG1 heavy chain and the hinge region and/or Fd. The above results demonstrated that highly purified proteins could be obtained from the transfected culture supernatant and that the expressed proteins fused with Fc and/or Fd formed conformational structures. These purified HA-81-122 proteins could be further recognized by the HA1-specific HA-7 mAb, as indicated by Western blot (Figure 1D ), revealing their high specificity to the HA1 of H5N1.
Since the reducing SDS-PAGE could not reflect the actual size of the expressed protein, we used a crosslinking assay and N-PAGE for further detection of the molecular weight of these proteins. Results from the crosslinking analysis showed that the crosslinked HA-81-122-Fc and HA-81-122-Fdc formed high molecular weight dimer or oligomer, respectively, while noncrosslinked proteins retained their monomeric status ( Figure 1E ). N-PAGE analysis identified oligomeric structures of these proteins, with HA-81-122-Fdc showing the highest molecular weight ( Figure 1F) . The above results indicate that the expressed HA1 fused with Fc and/or Fd is able to polymerize into high molecular weight dimer or oligomer, maintaining conformational structures.
HA-81-122 protein fused with Fd and Fc induced strong humoral immune responses in both vaccinated mouse sera and lung wash
In order to evaluate the ability of HA-81-122-Fdc and post-each vaccination to detect HA-specific antibodies by a rapid, simple, and humane submandibular bleeding method (11) with some modifications. Briefly, mice were anesthetized and held from the scruff of the neck in the air to establish the most relaxed situation. A sterile 18G1 needle was then poked to the cheek of mice with enough force to create a small stick hole so that drops of blood would exude from the point of penetration. This bleeding method may consistently yield a reasonable blood volume, and it is much more humane. Collected sera were retained for enzyme-linked immunosorbent assay (ELISA) analysis. For the collection of lung wash, after sacrifice of mice, a midline incision was made over the neck aspect of the ventral. A small hole was cut in the trachea with small surgical scissors. Around 800 µL/ mice of sterile PBS were slowly injected into the alveoli through tracheal lumen of mice and then drained from the alveoli by using a 1 mL syringe. This procedure was repeated 3 times.
ELISA
The IgG antibody responses and/or subtypes were evaluated by ELISA in the collected mouse sera and lung wash, as previously described (5) with some modifications. Briefly, 96-well ELISA plates were precoated, respectively, with recombinant HA-81-122-Fdc and HA-81-122-Fc fusion proteins at 4ºC overnight and blocked with 2% non-fat milk at 37ºC for 2 h. Serially diluted mouse sera and lung wash were added to the plates and incubated at 37ºC for 1 h, followed by four washes. Bound antibodies were incubated with HRP-conjugated goat anti-mouse IgG (1:2,000, Invitrogen), anti-mouse IgG1 (1:2,000, Bethyl Laboratories, Montgomery, TX, USA) or antimouse IgG2a (1:2,000, Invitrogen), respectively, for 1 h at 37ºC. The reaction was visualized by substrate 3,3',5,5'-Tetramethylbenzidine (TMB) (Invitrogen) and stopped by 1 N H 2 SO 4 . The absorbance at 450 nm (A450) was measured by ELISA plate reader (Tecan, San Jose, CA, USA).
Secretory anti-HA IgA antibody responses in lung wash were measured by ELISA using protocols similar to those described above, except for the addition of lung lavage fluid at 50 µl/well or sera (1:50, 50 µL/well) in duplicate wells of the plates. The HRP-conjugated goat anti-mouse IgA (Invitrogen) was added at a dilution of 1:2,000, followed by measuring the absorbance at A450.
Statistical analysis
Values were presented as mean with standard deviation (SD). Statistical significance among different groups was calculated by Student's t-test using Stata statistical software. P values less than 0.05 were considered significant.
HA-81-122-Fc proteins with conformational structures in inducing specific immune responses, we vaccinated mice using these proteins and detected IgG antibody responses by ELISA in the collected mouse sera and lung wash. As shown in Figure 2A response. The IgG antibody response raised by HA-81-122-Fdc was relatively higher than that raised by HA-81-122-Fc. An average end-point antibody titer of 1:5.2 × 10 7 was detected in the mouse sera collected at 10 days post-last boost ( Figure 2B ). In addition, HA-81-122-Fdc elicited a significantly higher level of HAspecific IgG than HA-81-122-Fc in the vaccinated mouse lungs ( Figure 2C ). In contrast, no IgG antibody response was detectable in the sera and lungs of control mice injected with PBS plus adjuvant (Figure 2) .
To further evaluate whether immunization with HA-81-122-Fdc and HA-81-122-Fc fusion proteins could activate and differentiate native T lymphocytes into either CD4+ T helper 1 (Th1) or T helper 2 (Th2) cells and identify which T helper cell subsets were more functional, IgG1 (Th2) and IgG2a (Th1) subtypes induced by HA-81-122-Fdc and HA-81-122-Fc proteins were detected in the mouse sera collected at 10 days post-last vaccination. The results showed that the expressed HA proteins could elicit HA-specific antibodies in the vaccinated mouse sera, respectively belonging to the IgG1 (Th2-associated, Figure 3A ) and IgG2a (Th1-associated, Figure 3B The above data demonstrate that expressed HA-81-122 proteins, particularly HA-81-122-Fdc, can elicit strong humoral antibody responses specific to the HA protein of H5N1 virus, implying the high immunogenicity of HA-81-122-Fdc containing oligomeric structure in stimulating elevated humoral systemic immune responses in the vaccinated mice.
HA-81-122 protein fused with Fd and Fc induced strong mucosal immune responses in both vaccinated mouse lung wash and sera
To evaluate the regional mucosal immunity potentially induced by HA-81-122 proteins, vaccinated mice were collected for lung wash 10 days post-last vaccine for the detection of mucosal IgA by ELISA. As a comparison, IgA was also evaluated in the vaccinated mouse sera. As shown in Figure 4A , the recombinant HA-81-122-Fdc protein induced a significantly higher titer of mucosal IgA responses specific to the HA protein of H5N1 in the lung wash of the vaccinated mice than HA-81-122-Fc. In addition, a higher level of IgA antibody response could also be detected in the sera of mice vaccinated with HA-81-122-Fdc than with HA-81-122-Fc ( Figure  4B ). By comparison, no specific IgA was found in the lung wash or sera of the PBS control mice (Figure 4) . The above data suggested that strong local immune responses could be specifically induced by HA-81-122-Fdc protein through the parenteral s.c. vaccination pathway.
Discussion
The HA of H5N1, the main surface protein of the virus, serves as an important target for inducing neutralization antibodies and/or protective immunity against HAPI H5N1 virus (12,13), and it makes a greater contribution toward the induction of neutralizing antibodies than other viral proteins, such as neuraminidase (NA), nucleoprotein (NP) and membrane protein (M2) (12, 14) . HA-based vaccines have been shown to elicit higher titers of neutralizing antibodies to prevent influenza virus infection in tested animals (15) (16) (17) (18) , as well as human clinical trials (19) (20) (21) (22) . The HA1 antigenic domain of HA has been demonstrated to induce an immune response equal to that of the full-size protein (23) . Our previous studies have also indicated that recombinant vaccines containing the full-length HA1 fragment of H5N1 are able to induce strong immune responses in vaccinated mice, protecting against tested strains of H5N1 virus challenge (5), suggesting that the HA1 subunit of H5N1 virus is a major target for inducing protective immunity. Nevertheless, the frequent mutation of the HA1 protein makes it especially important to develop universal influenza vaccines based on the highly conserved epitopes of HA1 that potentially induce broad-spectrum protection against divergent strains of virus infections (24) . It has been reported that the immunogenicity caused by direct expression of the major vaccine antigen HA protein is often low, requiring large doses of vaccines to generate a level of seroconversion consistent with protection (25, 26) . Because of the importance of structure-based antigen, oligomeric HA is more efficient than monomeric HA (27) . However, oligomerization is usually ensured through the addition of an extraneous sequence of unknown risk for human immunization. Important to the present study, Fc fragment of human IgG is considered an important fusion tag for coexpression with several viral proteins in order to facilitate their purification and subsequent immunogenicity (25, 28) . Fc not only promotes correct folding of the fusion proteins following expression, but may also help to enhance binding of the antigen to antigen-presenting cells (APCs) and cell lines expressing Fc receptors (FcR) (29, 30) . As another antigen modification motif, the 27 amino acidcontaining Fd derived from native T4 phage fibritin has been typically incorporated at the C-terminus of Q as the core epitope. We showed that residues 81 to 83 exist as a loop, while residues 117 to 122 adopt a β-strand conformation, manifesting the conformational nature of the epitope (9) . In the present study, we aimed to develop a novel H5N1 vaccine by fusing these conserved sequences of HA1 with Fc immunoenhancer and/or Fd trimeric motif to form native conformational structures and then detect the ability of this vaccine to induce humoral and mucosal immunity in vaccinated mice. As expected, the expressed HA-81-122-Fdc and HA-81-122-Fc proteins formed high molecular weight dimer or oligomer, respectively, being able to maintain conformational structures, and indeed induced strong H5N1 HA-specific IgG antibody responses in the vaccinated mouse sera following one dose of immunization. HA-specific IgG, IgG1 (Th2) or IgG2a (Th1) antibody responses were detected in the vaccinated mouse lung wash and sera collected at 10 days post-last immunization. These results suggest that conformational HA-81-122 proteins, particularly oligomeric HA-81-122-Fdc, could induce strong humoral immune responses against virus infection.
In addition to humoral immune responses, mucosal immunity characterized by secretory IgA antibody could also play an essential role in the protection against virus infection, especially those caused by influenza A virus, a mucosal pathogen infecting humans through the respiratory tract (35) . Thus, an influenza vaccine potentially inducing ample mucosal immunity in the vaccinated hosts would be considered an important factor in developing effective influenza vaccines. It is reported that the induction of IgA can broaden the vaccine-induced immune response and introduce local cross-protective immune responses to reduce viral load, ensuring the best possible preparedness for the next influenza pandemic (36) . IgA has also been shown to be very effective in inhibiting initial pathogen colonization without causing tissue damage (37, 38) . However, it is generally believed that local protective antibody responses at the respiratory tract are not easily induced by parenteral vaccine pathways (39), such as s.c.,
In this study, we found that parenteral s.c. immunization of mice with HA-81-122-Fdc and HA-81-122-Fc proteins could, indeed, induce high level of IgA antibodies in both vaccinated mouse lung wash and sera, suggesting that HA-81-122 recombinant proteins fused with Fc and/or Fd could elicit sufficient mucosal immunity, even when introduced parenterally, unlike some conventional inactivated vaccines which usually induce only limited local immunity via parenteral administration (40, 41) . This may partially result from the ability of FcR to transport FcR-targeted HA antigen to FcR-bearing APC cells within mucosal surfaces, enabling FcR-mediated transport of antigen across the mucosal barrier (42) . The function of Fd in promoting the formation of oligomeric HA-81-122-Fdc protein could also play a role in increasing immunogenicity (10) .
Antibody responses to virus HA provide essential immunity against IAV infection (26) ; thus, the antiviral effect of HA-81-122-based vaccines could be mediated by systemic and local antibodies to the HA antigen. Therefore, the induction of HA-81-122-specific antibody responses was necessary for HA-81-122-based vaccines in the prevention of H5N1 virus infection. Compared with the full-length HA1 protein, HA1 proteins containing residues 81-122 induced relatively lower level of HA-specific IgG antibodies in the vaccinated mouse sera (5) . Although no data are currently available to compare the mucosal immunity induced by the full-length HA1 and the HA-81-122 protein, results from the present study indicated that HA-81-122, particularly HA-81-122-Fdc fused with Fd and Fc, was able to elicit high mucosal IgA antibody response which was detected in the vaccinated mouse lungs and sera (Figure 4) . No sideeffects were observed in the mice vaccinated with HA-81-122 proteins fused with Fc and/or Fd. Our study further confirms the ability of Fd trimeric motif and Fc immunoenhancer in the promotion of recombinant proteins forming correct conformational structures, thus enhancing immunogenicity (10) . Further studies would be needed to test the efficacy of this vaccine in other vaccination pathways, as well as its cross-protective immunity against multiple strains of influenza virus infection.
To summarize, our data showed that highly conserved HA residues 81-122 of influenza H5N1 fused with Fd and Fc of human IgG induced strong local mucosal and humoral systemic immune responses in the vaccinated animals. This study provides a sound scientific platform for the development of an effective and safe mucosal H5N1 vaccine based on the highly conserved HA residues 81-122 of influenza H5N1 to prevent future influenza outbreaks caused by avian influenza virus.
